There is evidence that extracellular adenosine can attenuate cardiac hypertrophy, but the mechanism by which this occurs is not clear. Here we investigated the role of adenosine receptors and adenosine metabolism in attenuation of cardiomyocyte hypertrophy. Phenylephrine (PE) caused hypertrophy of neonatal rat cardiomyocytes with increases of cell surface area, protein synthesis, and atrial natriuretic peptide (ANP) expression. These responses were attenuated by 5 M 2-chloroadenosine (CADO; adenosine deaminase resistant adenosine analog) or 10 M adenosine. While antagonism of adenosine receptors partially blocked the reduction of ANP expression produced by CADO, it did not restore cell size or protein synthesis. In support of a role for intracellular adenosine metabolism in regulating hypertrophy, the adenosine kinase (AK) inhibitors iodotubercidin and ABT-702 completely reversed the attenuation of cell size, protein synthesis, and expression of ANP by CADO Thr389 phosphorylation and hypertrophy by CADO was reversed by inhibiting AK. Together, these results identify AK as an important mediator of adenosine attenuation of cardiomyocyte hypertrophy, which acts, at least in part, through inhibition of Raf signaling to mTOR/p70S6k. p70S6 kinase; Raf; 2-chloroadenosine ADENOSINE IS KNOWN TO EXERT cardioprotective effects, including protection against ischemia/reperfusion injury (5, 30, 34), reduction of oxidative stress (31, 37), and attenuation of hypertrophy and heart failure during pressure overload (26, 27, 43) . In support of a protective role for adenosine, we observed that deletion of cd73 (the ectonucleotidase that produces extracellular adenosine from AMP) exacerbated left ventricular hypertrophy and contractile dysfunction in mice exposed to chronic pressure overload produced by transverse aortic constriction (TAC) (27, 43) . Mammalian target of rapamycin (mTOR)/p70S6k signaling is critical for cell enlargement (24, 38) , so that treatment with the mTOR inhibitor rapamycin reduces hypertrophy and heart failure in mice exposed to pressure overload (15, 28). We found that activation of the mTOR/p70S6k signaling pathway in response to TAC was greater in hearts of CD73 knockout mice than in wild-type mice and that treatment of neonatal cardiomyocytes with 2-chloroadenosine (CADO) reduced phenylephrine (PE)-induced mTOR/p70S6K signaling and hypertrophy (43). However, the mechanism by which adenosine reduces mTOR/ p70S6k signaling and hypertrophy is not known.
p70S6 kinase; Raf; 2-chloroadenosine ADENOSINE IS KNOWN TO EXERT cardioprotective effects, including protection against ischemia/reperfusion injury (5, 30, 34) , reduction of oxidative stress (31, 37) , and attenuation of hypertrophy and heart failure during pressure overload (26, 27, 43) . In support of a protective role for adenosine, we observed that deletion of cd73 (the ectonucleotidase that produces extracellular adenosine from AMP) exacerbated left ventricular hypertrophy and contractile dysfunction in mice exposed to chronic pressure overload produced by transverse aortic constriction (TAC) (27, 43) . Mammalian target of rapamycin (mTOR)/p70S6k signaling is critical for cell enlargement (24, 38) , so that treatment with the mTOR inhibitor rapamycin reduces hypertrophy and heart failure in mice exposed to pressure overload (15, 28) . We found that activation of the mTOR/p70S6k signaling pathway in response to TAC was greater in hearts of CD73 knockout mice than in wild-type mice and that treatment of neonatal cardiomyocytes with 2-chloroadenosine (CADO) reduced phenylephrine (PE)-induced mTOR/p70S6K signaling and hypertrophy (43) . However, the mechanism by which adenosine reduces mTOR/ p70S6k signaling and hypertrophy is not known.
Extracellular adenosine can modulate cell signaling through G-protein-coupled adenosine receptors on the cell membrane, four of which have been identified (A 1 , A 2A , A 2B , and A 3 ) (7, 12, 23, 39) . Data from Liao et al. (26) suggest the A 1 receptor plays a role in mediating the antihypertrophic effects of adenosine, as treatment with the selective adenosine A 1 receptor agonist N 6 -cyclopentyladenosine acid (CPA) attenuated pressure overload left ventricular hypertrophy or PE-induced cardiomyocyte hypertrophy equal to that produced by the nonselective adenosine agonist CADO. On the other hand, Gan et al. (14) reported that each of the adenosine receptors has antihypertrophic effects in neonatal cardiomyocytes. Recently, however, we (27) observed that hypertrophy and heart failure were not significantly exacerbated in A 1 receptor knockout mice compared with wild-type mice exposed to TAC (although A 1 receptor knockout mice did exhibit increased sudden death early after TAC). Furthermore, knockout of the A 3 receptor in mice did not exacerbate hypertrophy. Rather, when mice were subjected to TAC, A 3 receptor knockout paradoxically decreased hypertrophy and heart failure compared with WT mice, suggesting that the A 3 receptor may play a maladaptive role during pressure overload. Black et al. (3) reported that transgenic overexpression of the A 3 receptor exacerbated pressure overload induced hypertrophy and heart failure, while Funakoshi et al. (13) reported that cardiac A 1 receptor overexpression promoted ventricular dilation, expression of hypertrophy markers, and systolic dysfunction. While activation of A 2B receptors inhibits cardiac fibroblast proliferation, collagen synthesis (10) , and maladaptive tissue remodeling after infarct (42) , a contribution of A 2 receptors to the attenuation of cardiomyocyte hypertrophy in vivo has not yet been demonstrated. Thus the role of specific adenosine receptors in modulating cardiomyocyte hypertrophy is unclear.
Besides stimulating cell membrane receptors, adenosine can be transported into the cell via concentrative or equilibrative nucleoside transporters. There is evidence that up to 70% of myocardial interstitial adenosine is transported back into the cardiomyocyte (9) where it is estimated that 90% is converted to AMP by adenosine kinase (AK) (Ref. 21) , with the remainder degraded to inosine by adenosine deaminase. However, the role of intracellular adenosine metabolism in cell signaling and cardiomyocyte hypertrophy has not been thoroughly examined.
Here we investigated the role of adenosine receptors and AK in modulation of cardiomyocyte hypertrophy and antihypertrophic signaling by adenosine. Our results indicate that AK is important in the attenuation of cardiomyocyte hypertrophy by adenosine and its stable analog CADO, while adenosine receptors play a less prominent role. In addition, we identify Raf signaling to mTOR/p70Sk (mTORC1) as an important component of cardiomyocyte hypertrophy that is disrupted by CADO through a mechanism dependent on AK.
EXPERIMENTAL PROCEDURES
Chemicals. PE, adenosine, CADO, CPA, CGS 21680, 5-(N-ethylcarboxamido)adenosine (NECA), 2-Cl-N 6 -(3-iodobenzyl)adenosine-5=-N-methyluronamide (2-Cl-IB-MECA), 1,3-dipropyl-8-cyclopentylxanthine (DPCPX), ZM 241,385, MRS 1754, MRS 1191, and 8-sulfophenyltheophylline (8-SPT) were from Sigma (St. Louis, MO). Iodotubercidin (ITU) and ABT-702 were from Tocris (Ellisville, MO). CADO, adenosine, and PE were dissolved in H 2O. AK inhibitors and other adenosine receptor agonists and antagonists were dissolved in DMSO at a 5-mM concentration.
Western blots. Lysates were collected in 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 100 mM NaCl, 1 mM PMSF, 1ϫ protease inhibitor cocktail (Boehringer-Mannheim), 1ϫ phosphatase inhibitor cocktail (Boehringer-Mannheim), and 10% glycerol, in 10 mM Tris·HCl pH 7.4. Protein concentration was determined using the Bradford Bio-Rad protein assay (Hercules, CA). Samples were boiled in 1ϫ SDS loading buffer for 3 min and separated on 10% polyacrylamide gels for Western blot analysis. Proteins were detected using antibodies against atrial natriuretic peptide (ANP; Penninsula Laboratories, San Carlos, CA), p-Akt Ser473 , ERK, p-ERK Thr202/Tyr204 , p70S6K, p-p70S6K
Thr389 , mTOR and p-mTOR Ser2448 , p-Raf Ser338 , p-AMPK Thr172 (Cell Signaling Technology, Beverly, MA), Raf, and GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) followed by visualization using horseradish-peroxidase-labeled secondary antibodies (Santa Cruz Biotechnology).
Neonatal rat cardiomyocyte isolation and culture. This study was approved by the Institutional Animal Care and Use Committee of the University of Minnesota. Cardiomyocytes were isolated from 2-dayold Sprague-Dawley rats by enzymatic digestion (45) and separated from nonmuscle cells on a discontinuous Percoll gradient as previously described (43) . A total of 2-4 million viable myocytes were isolated per ventricle with very little fibroblast contamination (Ͻ2%) and plated at 0.5 ϫ 10 5 cells/cm 2 in DMEM containing 10% FCS. Myocytes were incubated for 48 h to allow attachment and spreading, after which the medium was replaced with serum-free media for 24 before treatment. For RNAi treatment, wells were coated with 1% gelatin to promote cell attachment and spreading and cells were plated at 1 ϫ 10 5 cells/cm 2 . After 24 h, cells were transfected overnight using Lipofectamine 2000 (Invitrogen) with 10 pm/well adenosine kinase small interfering or nontargeting control RNAi (Dharmacon, Lafayette, CO) in the continued presence of 10% FCS. The next day, the media were replaced with DMEM containing insulin/transferrin/ selenium solution (Sigma) and incubated for an additional 24 -48 h before replacement with growth factor free media (DMEM) for 24 h before treatment with PE or CADO.
Leucine incorporation by cardiomyocytes. Cell area determination and cellular ANP expression. After treatment, cells were washed in PBS, fixed with 4% paraformaldehyde/ PBS pH 7.4, washed three times in PBS, permeabilized with 0.1% Triton X-100 for 5 min, and stained using rhodamine-conjugated phalloidin (5 U/ml in PBS pH 7.4; Invitrogen) at room temperature for 20 min or mouse anti-cardiac myosin heavy chain (Abcam, Cambridge, MA) for 1 h followed by Alexa-fluor 555 anti-rabbit (Molecular Probes). Nuclei were stained using DAPI (300 nM; Invitrogen) for 5 min. Cell area was analyzed using Image J 1.34s (NIH). At least 100 individual cells were measured per experiment. Cells fixed as described above were also used for immunocytochemical analysis of ANP expression, using primary rabbit anti-ANP, followed by Alexafluor 488 anti-rabbit (Molecular Probes) as previously described (43) .
Data and statistical analyses. All values were expressed as means Ϯ SE. Statistical significance was defined as P Ͻ 0.05. One-way ANOVA was used to test each variable for differences among the treatment groups with StatView (SAS Institute). If the ANOVA demonstrated a significant effect, post hoc pairwise comparisons were made with the Student's t-test.
RESULTS
Roles of adenosine receptors and AK in attenuation of cardiomyocyte hypertrophy. To mimic adenosine and avoid possible interference from nonspecific effects of adenosine deaminase inhibitors (17, 29) , cells were treated with CADO (adenosine deaminase resistant adenosine analog). In doseresponse experiments (data not shown) and previous studies (27, 43) , we determined that 5 M CADO was effective in reducing the PE-induced increases in cardiomyocyte cell area, total protein accumulation, and (Fig. 1D ). Although each of the selective adenosine receptor antagonists, as well as the nonselective adenosine receptor antagonist 8-SPT, showed a trend toward reversing the attenuation of cell size produced by CADO (Fig. 1B) , only the A 2B receptor effect was significant, and even this was relatively modest. Likewise, selective antagonism of adenosine A 1 or A 2 receptors showed a trend toward reversing CADO attenuation of ANP expression (Fig. 1C) . A 3 receptor antagonism, however, potentiated reduction in ANP expression by CADO, suggesting A 3 receptor activity may oppose antihypertrophic effects of A 1 and A 2 receptors. Nonselective antagonism of adenosine receptors using 8-SPT did modestly but significantly increase ANP expression in CADO-treated cells (Fig. 1C ), but this was not accompanied by an increase in [ 3 H]leucine incorporation ( Fig. 1D ), suggesting adenosine receptors were not mediating attenuation of cardiomyocyte protein synthesis by CADO. In agreement with a minimal role for adenosine receptors in attenuation of hypertrophy, selective adenosine receptor agonists did not reduce cell area in PE-treated cardiomyocytes (Fig. 1E) . Remarkably, both AK inhibitors completely blocked the attenuation of cell enlargement (Fig. 1, A and B) and dramatically increased ANP expression (Fig. 1C ) and protein synthesis (Fig. 1D ) in CADO-treated cells. Importantly, CADO treatment alone did not reduce basal protein synthesis (Fig. 1D ) or cause evidence of increased cell death as would be expected if this dose of CADO were cytotoxic. Additionally, in the absence of CADO, AK inhibition did not increase protein synthesis or cell area under basal conditions or in PE-treated cells (data not shown), indicating that AK inhibition was reversing effects of CADO, rather than independently enhancing cell growth.
Because inhibition of AK restored hypertrophy in CADOtreated cells, a role for uptake and intracellular metabolism of CADO is implied. In support of this, inhibition of CADO uptake using the equilibrative nucleoside inhibitor S-(4-nitrobenzyl)-6-thioinosine (NBTI) diminished the antihypertrophic effects of CADO by ϳ50% (Fig. 1F ). In the same experiment, inhibition of AK completely blocked CADO attenuation of hypertrophy. One explanation for this finding is that NBTI inhibition of equilibrative nucleoside transport did not completely block CADO uptake, since rat cardiomyocytes also express concentrative nucleoside transporters that are insensitive to NBTI (35) . Together these data suggest cellular uptake and metabolism by AK activity play an important role in mediating the antihypertrophic effects of CADO. Adenosine reduction of cardiomyocyte hypertrophy is dependent on AK. To verify that AK attenuates the antihypertrophic effect of adenosine, and not just its stable analog CADO, we repeated these experiments using 10 M adenosine. For the protein synthesis experiment, we included pentostatin (an adenosine deaminase inhibitor) to preserve adenosine levels over the extended time course. The results using adenosine were the same as those using CADO. Inhibition of AK, but not inhibition of adenosine receptors with 8-SPT, completely reversed adenosine attenuation of protein synthesis A and B) . For cell area (C and E) and ANP expression (D and E), adenosine deaminase inhibitors were not included, but media, adenosine, and antagonists were replaced at 24 h. At least 100 cells were measured per condition to obtain average cell area and ANP expression. Scale bar ϭ 30 M. *P Ͻ 0.05, compared with PE treated. #P Ͻ 0.05, compared with PE/CADO treated. (Fig. 2, A and B) , cell area (Fig. 2, C and E) and ANP expression (Fig. 2, D and E) . Together, these results indicate that AK was instrumental in the attenuation of cardiomyocyte hypertrophy produced by adenosine or its stable analog CADO, while adenosine receptors played a much less prominent role.
AK regulation of cell signaling. The Raf/MEK/ERK, Akt, and mTOR/p70S6k signaling pathways have each been implicated in promoting hypertrophy. Because sustained exposure to PE is required to drive cardiomyocyte hypertrophy (2), we monitored activation of these pathways over 48 h of PE stimulation and examined how these are regulated by CADO and AK. Examination of cell signaling pathways (Fig. 3A) revealed that PE induced a biphasic phosphorylation of ERK Thr202/Tyr204 and a sustained phosphorylation of mTOR Ser2448 and p70S6k Thr389 but had little effect on Akt ser473 phosphorylation. Treatment with CADO significantly potentiated early ERK activation (15 min) by PE but reduced the second peak of ERK activation (48 h). CADO treatment also prevented the sustained activation of mTOR and p70S6k but had little effect on AKT activation. Consistent with a role for AK in mediating the antihypertrophic effects of CADO, ITU restored both sustained activation of p70S6k and the second peak of ERK activation (Fig. 3A) .
Because inhibition of AK restored both sustained activation of p70S6k (24 -48 h) and the second peak of ERK activation (48 h), which had been blocked by CADO, we examined which of these pathways was important for the increased cell area observed in cells treated with CADO ϩ AK inhibitors. We added either the MEK inhibitor U0126 (10 M) or the mTOR inhibitor rapamycin (100 nM) for the last 24 -48 h (during which the effect of AK inhibition was the most prominent) and observed that only rapamycin significantly inhibited continued cell expansion (Fig. 3B) . This suggests restoration of cell growth in CADO-treated cells by AK inhibition requires sustained mTOR/p70S6k signaling, while the increase in MEK/ ERK plays a less significant role. Together these results demonstrate that CADO reduces sustained activation of mTOR/ p70S6k signaling independent of AKT, that sustained mTOR/ p70S6k activity is critical for PE-induced hypertrophy, and that CADO inhibition of mTOR/p70S6k and hypertrophy is reversed by blocking AK.
CADO/AK effects on Raf and AMPK. The restoration of ERK and p70S6k signaling in CADO-treated cells by AK inhibition suggests that AK activity may be targeting a pathway that is common to both sustained mTOR/p70S6k signaling and the late peak in ERK. Raf is a component of the canonical ras/Raf/MEK/ERK signaling pathway but can also activate mTOR/p70S6k independent of its effects on ERK (25, 33) . Therefore, we examined activity of Raf at 24 and 48 h of PE stimulation, when p70S6k activation was most dramatically upregulated by AK inhibition. Interestingly, phosphorylation of Raf
Ser338
, which prevents inhibition of its activity through an N-terminal autoinhibitory domain (41) , was elevated in response to PE treatment (Fig. 4, A and B 
increased phosphorylation of Raf
Ser338 at 48 h by 8-SPT treatment may account for the increased ANP expression observed (Fig. 1C) , the sustained inhibition of p70S6k by CADO, which was reversed by ITU but not 8-SPT, suggests an adenosine receptor-independent mechanism by which CADO attenuates p70S6k activity and hypertrophy that is mediated by AK. Analysis of total p70S6k and total ERK levels did not reveal significant differences between CADO-treated cells and cells treated with CADO ϩ ITU (Fig. 4 and data not shown), suggesting regulation of these pathways was through altered phosphorylation. Because CADO inhibition of mTOR itself was rather modest and CADO reduced p70S6k
Thr389 phosphorylation but not Akt Ser473 phosphorylation (Fig. 3 ), CADO appears to be selectively targeting the mTOR signaling complex known as mTORC1.
AMPK can also reduce mTOR/p70S6k signaling (4, 16, 18, 22) . Because AK produces AMP, which activates AMPK (6), and because AK can also phosphorylate CADO(20), we examined phosphorylation of AMPK Thr172 in response to CADO treatment and in the presence of AK inhibitor ITU. CADO treatment did not significantly increase AMPK phosphorylation in PE-treated cells nor did ITU treatment significantly reduce AMPK phosphorylation (Fig. 4) . At the same time, ITU did block the inhibitory effect of CADO on p70S6k Thr389 , suggesting AK-dependent inhibition of mTORC1 by CADO is independent of changes in AMPK activation.
Full induction of mTOR/p70S6k pathway by PE requires Raf.
Because Raf can activate mTOR/p70S6k independent of its effects on ERK (25, 33), we examined the role of Raf in PE stimulation of mTOR/p70S6k and hypertrophy. Infection of cardiomyocytes with dominant negative Raf (kinase dead; DN Raf) adenovirus (19) reduced the PE-induced increase of mTOR, p70S6k, and ERK activation, as well as cell area and ANP expression (Fig. 5, A-E) . This demonstrates that Raf activity is required for PE-induced hypertrophy, as previously observed (44) and that Raf is an important link between PE stimulation and the mTOR/p70S6K pathway in cardiomyocytes.
AK mediates CADO inhibition of Raf signaling to mTOR/ p70S6K. Results in Figs. 4 and 5 suggest that CADO reduces sustained activation of Raf and p70S6k through an AK-dependent mechanism and that Raf activity is necessary for PEinduced mTOR/p70S6k signaling. To determine if restoring Raf activation can overcome the antihypertrophic effects of CADO, we infected cardiomyocytes with a constitutively active Raf mutant (CA-Raf; N terminus deleted; Ref. 19 ) for 24 h before treatment with CADO. CA-Raf increased cell area, and this was associated with increased activation of mTOR, p70S6k, and ERK (Fig. 6) . While CADO was unable to reduce AKT or ERK activation in the presence of CA-Raf, CADO strongly inhibited mTOR and p70S6K activation (Fig. 6, A and  B) . Interestingly, CADO treatment still reduced cell area (Fig.  6, C and D) despite high levels of ERK and AKT activation. As in PE-stimulated cells, the inhibitory effects of CADO on the Raf-induced mTORC1 pathway and cell size were reversed by the AK inhibitor ITU. The inhibition of p70S6K by CADO, and the inability of CADO to suppress ERK or AKT signaling downstream of Raf, suggest CADO did not reduce activity of CA-Raf but was interfering with a downstream effector of Raf that is necessary specifically for activation of mTORC1 (mTOR/p70S6K) but not mTORC2 (mTOR/AKT) or MEK/ ERK signaling.
AK knockdown induces spontaneous hypertrophy. To confirm our results using AK inhibitors, we used RNAi to reduce AK expression. For liposome-mediated transfection of RNAi, we cultured cardiomyocytes on gelatin-coated plates, which improved survival and transfection efficiency during liposomemediated RNAi transfection. Additionally, cells were cultured for a longer time period (72 h after transfection) to allow for RNAi depletion of AK before treatment with CADO. By Western blot, AK was reduced by ϳ65% after 72 h of RNAi treatment (Fig. 7A) . Using immunocytochemistry to examine AK subcellular localization, we observed that AK was localized predominantly in the nucleus in control RNAi-treated cells while AK RNAi reduced this staining (Fig. 7B) . Surprisingly, RNAi reduction of AK induced a spontaneous increase in hypertrophy of cardiomyocytes, characterized by a nearly twofold increase in cell surface area and strong ANP expression (Fig. 7, B-E) . Additionally, cardiomyocytes treated with AK RNAi demonstrated enhanced staining for cardiac myosin heavy chain (Fig. 7C) and increased cytoskeletal organization, suggesting that AK knockdown was promoting maturation of the incompletely differentiated neonatal cardiomyocytes, as is commonly seen in response to hypertrophic stimulation of neonatal cardiomyocytes (1). We did not observe a change in AK localization or expression level in response to PE or CADO treatment (data not shown). In AK RNAi-treated cells, there was a trend towards higher levels of p70S6k
Thr389 phosphorylation under basal conditions (Fig. 7F) and greater resistance to inhibition by CADO, again supporting a role for AK in regulating cell size through the mTORC1 pathway. In these transfected cells, however, we found that PE caused adjacent cells to pull together and form condensed islands of cells, and this occurred to a greater extent in the already hypertrophied AK knockdown cells, making it difficult to compare the effects of CADO on cell area or compare side-by-side effects of CADO on the PE response in control and AK RNAi-treated cells. Taken together, these results suggest a novel role for AK in attenuation of cardiomyocyte hypertrophy.
DISCUSSION
Adenosine and cardiomyocyte hypertrophy. We initially undertook this work to determine the signaling mechanism(s) by which the A 1 receptor attenuated cardiomyocyte hypertrophy. While we were able to detect A 1 -dependent responses to CADO or CPA (unpublished observations), we were unable to demonstrate a significant inhibition of cardiomyocyte hypertrophy by selective A 1 agonists or a robust reversal of CADO attenuation of hypertrophy by adenosine receptor antagonists. Additionally, we did not observe an increase in hypertrophy in A 1 knockout mice exposed to aortic banding. It is not clear why our results using adenosine agonists contrast with other reports finding antihypertrophic effects mediated by adenosine receptors (14, 26, 32) . We did observe a significant increase in Raf Ser338 phosphorylation and ERK Thr202/Tyr204 phosphorylation (48 h time point) as well as a significant increase in ANP expression in response to nonselective adenosine receptor antagonism (8-SPT treatment). We also observed a trend toward increased p70S6k activation in response to A 1 receptor antagonism (data not shown) and a slight but significant reversal of CADO attenuation of cell surface area by A 2B receptor antagonism. It is possible that these effects are amplified in other experimental conditions. In agreement with the protective effect of A 3 receptor deletion against hypertrophy and heart failure that we previously observed in vivo (27) , antagonism of the A 3 receptor potentiated attenuation of ANP expression by CADO. Together these data suggest A 1 and A 2 receptors may contribute modestly to adenosine attenuation of hypertrophy, while the A 3 receptor opposes these effects.
In support of intracellular metabolism of adenosine playing a role in regulating cardiomyocyte hypertrophy, the AK inhibitors ITU and ABT-702 reversed the inhibitory effects of D) and ANP expression per cell (B and E). For immunofluoresence (B), cells were stained for ANP, ␣-cardiac myosin heavy chain, and DNA (DAPI). There was very little ANP stain in absence of PE and no difference between ␤-Gal and DN-Raf. For p70S6k Thr389 , graph represents average from 2 independent experiments (n ϭ 3) relative to PE ϩ ␤-Gal. For cell area, graph represents averages from 2 independent experiments, in which Ͼ100 cells were measured per condition. For ANP expression, graph represents average ANP expression measured in Ն100 cells per condition *P Ͻ 0.05, compared with PE treated. ND is not determined. Scale bar ϭ 20 m.
CADO or Ado on PE-induced cardiomyocyte hypertrophy and ANP expression. The likelihood that this outcome is due to specific effects on AK activity is strengthened by the fact that two different AK inhibitors (ITU and ABT-702, nucleosidebased and nonnucleoside-based inhibitors of AK, respectively) showed the same effect. While our data do not exclude a role for adenosine receptors in attenuation of cardiomyocyte hypertrophy under different experimental conditions in other studies, our results identify for the first time a prominent role for AK in mediating the antihypertrophic effect of adenosine.
RNAi depletion of AK induces spontaneous hypertrophy. In support of our findings using chemical inhibitors of AK, we observed that RNAi knockdown of AK (but not control RNAi) induced spontaneous hypertrophy. The spontaneous hypertrophic response in cells depleted of AK was surprising, because chemical inhibition of AK activity did not induce the same response. It is possible that different culture conditions (the use of gelatin-coated plates, higher density cells, and longer period of culture) used for transfection or cell stress from the lipid transfection reagent resulted in increased endogenous adenosine production, so that growth of control RNAi-treated cells was attenuated, while AK-depleted cells were resistant to effects of endogenous adenosine. These results support a role for AK in attenuating cell growth, and suggest that under certain conditions, AK activity may limit cell growth in the absence of exogenous adenosine.
Adenosine regulation of cardiomyocyte hypertrophic signaling. We previously observed that activation of mTOR/p70S6k, ERK (unpublished observations), and AKT signaling pathways were increased in CD73 knockout mice (adenosine deficient) in response to pressure overload compared with wild-type mice (43) . Here, using an isolated cardiomyocyte hypertrophy model, we investigated the mechanism(s) by which adenosine regulates these pathways. Interestingly, CADO treatment potentiated early ERK activation by PE (15 min) but reduced sustained ERK activation (48 h). While potentiation of early ERK activation by CADO was dependent on the A 1 receptor (unpublished observations) and was not affected by AK inhibition, the second peak of ERK activation was fully restored by AK inhibition (Fig. 3) . Although recent evidence suggests that ERK activity is not essential for hypertrophy (36) , the increased activation of ERK is indicative of the activity of upstream components of the ras/Raf/MEK/ERK signaling cascade. Indeed, we found that phosphorylation of Raf Ser338 at 24 and 48 h was attenuated by CADO treatment but restored by inhibition of AK. Raf is necessary and sufficient for cardiac hypertrophy, so that AK-dependent reduction of RAF activation by CADO may have contributed to attenuation of hypertrophy. However, the finding that inhibition of adenosine receptors using 8-SPT also increased activation of Raf and ERK at the later time point (48 h) but did not restore hypertrophy suggests increasing Raf signaling alone is not sufficient to restore protein synthesis and cell enlargement in CADO-treated cells.
Interestingly, AKT phosphorylation was not inhibited by CADO, but at the same time, sustained p70S6K activation was attenuated by CADO. mTOR/p70S6k signaling is critical for protein synthesis and cell enlargement (24, 38) . The specific reduction of p70S6k
Thr389 phosphorylation by CADO, while AKT Ser473 phosphorylation was preserved, suggests CADO treatment was specifically inhibiting the mTOR signaling complex known as mTORC1 (which phosphorylates p70S6K Thr389 ) but not , and AKT Ser473 phosphorylation (A and B) and hypertrophy (C and D), but CADO inhibits p70S6k and hypertrophy through an AK-dependent mechanism. Cells were infected with adenovirus expressing constitutively active Raf or ␤-Gal for 24 h, followed by CADO or CADO ϩ ITU for an additional 24 h. Cells were fixed and stained for ␣-cardiac myosin heavy chain, ANP, and DNA (DAPI). *P Ͻ 0.05, compared with CA-Raf. #P Ͻ 0.05, compared with Raf/CADO. ). In examining the signaling pathway(s) linking ␣-adrenergic stimulation (PE) to mTORC1, we found that dominant negative Raf blocked the PE-induced increase in p70S6k
Thr389 phosphorylation. Furthermore, constitutively active Raf promoted p70S6k
Thr389 phosphorylation and hypertrophy in the absence of additional stimuli. This suggests an important role for Raf in cardiomyocyte mTORC1 signaling. However, in cells expressing constitutive Raf activity, CADO still reduced p70S6k
Thr389 phosphorylation and hypertrophy without inhibiting ERK or AKT. The reduction in Raf-dependent p70S6k
The389 phosphorylation by CADO was completely reversed by inhibition of AK. These data suggest that CADO or adenosine can limit cell growth downstream of Raf activation through an AK-dependent mechanism that targets mTORC1, while preserving protective antiapoptotic signaling pathways that are dependent on ERK and AKT (8) .
How does AK inhibit hypertrophy? While the inhibition of hypertrophy, as well as the targeting of mTORC1 by CADO, appears to be dependent upon AK, the mechanism by which AK mediates these effects is not clear. Because AMPK can inhibit mTORC1 signaling (4) and AK has been shown to play a role in activation of AMPK by extracellular adenosine (6), we examined the possibility that CADO was inhibiting mTORC1 through AMPK activation. We did not observe a significant increase in AMPK activation in PE-treated cells treated with CADO nor was AMPK activation blocked by inhibition of AK. However, from the present data we cannot rule out the possibility that a compartmentalized AK-dependent activation of a specific population of AMPK proteins occurs that is not apparent when examining total phospho-AMPK Thr172 levels but that contributes to reduced activation of mTOR/p70S6k signaling through tuberin/ hamartin or some other pathway. Because the rescue of p70S6k activation in CADO-treated cells by AK inhibition appears greatest at later time points (24 -48 h), it is also possible that AK regulation of p70S6k is indirect. We have previously observed alterations in cardiomyocyte microtubule dynamics in response to adenosine or CADO (11) , which may over time alter formation of membrane signaling complexes, thereby indirectly regulating signaling between Raf and mTORC1. We are currently investigating the role of AK in adenosine-dependent cytoskeletal changes and the potential effects this has on sustained activity of hypertrophic signaling pathways.
Another possible mechanism by which AK might mediate the antihypertrophic effects of adenosine is through regulation of methylation reactions. We found that AK is localized in the nucleus in neonatal cardiomyocytes. It is possible that nuclear localization of AK might relate to its role in transmethylation reactions. High levels of intracellular adenosine may inhibit S-adenosylmethionine-dependent trans-methylation reaction by increasing levels of S-adenosylhomocysteine (40) . A reduced ability to methylate DNA or histones may alter gene expression, which might also account for indirect effects on mTORC1. However, we did not observe a difference in methylated histone levels in response to CADO or inhibition of AK (unpublished observations), suggesting an overall change in the ability to perform methylation reactions was not likely the cause of attenuation of hypertrophy by CADO.
Together, our findings suggest that AK plays a critical role in the attenuation of cardiomyocyte hypertrophy by adenosine or its stable analog CADO, while adenosine receptors play a less prominent role. A potential role for AK in mediating the protective effects of adenosine in the stressed heart must now be considered.
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